This study evaluated the antibacterial spectrum and safety of a chemically modified biopolymeric flocculant (TMB) against waterborne pathogens. The biopolymer previously characterized as polysaccharide with flocculating activity is produced extracellularly by the bacterium Klebsiella terrigena. The amino sugars on the polymer were chemically modified by quaternization, which resulted in N,N,N trimethyl biopolymer (TMB). Quaternization was effective in imparting biocidal activity to TMB against five selected waterborne pathogens, namely, Aeromonas hydrophila, Yersinia enterocolitica, Salmonella typhimurium, Listeria monocytogenes and Escherichia coli O157:H7.
INTRODUCTION
antimicrobial properties, in particular, has gathered considerable interest due to their enormous scope of modification and wide gamut of application (Siedenbiedel & Tiller ) .
Among the polymeric materials, cationic polymers containing quaternary ammonium groups have proven to be effective antimicrobials and biocides (Mcbain et al. important for making chemical modifications; to produce 'customized' biopolymers with a unique combination of mechanical, chemical and biological properties. To this end, very few biologically produced polymers have been thoroughly characterized limiting the generation of chemically modified biopolymers (Rehm ) . In the recent past, we have extensively characterized an exocellular biopolymer produced by a strain of Klebsiella terrigena (Ghosh et al. a, b) . The biopolymer possesses unique attributes in terms of robustness and high flocculating activity against a wide range of colloid particles and waterborne pathogens. We envisaged that rendering an antimicrobial function to the same may enable inactivation and simultaneous removal of these pathogens during water treatment. Therefore, in the present study, the biopolymer has been chemically modified, and interestingly, the quaternized biopolymer possessed excellent antibacterial activity against all the selected waterborne pathogens. The oral toxicity profile of the chemically modified biopolymer determined in mice is reported.
MATERIALS AND METHODS
All the chemicals and reagents were purchased from SigmaAldrich Company (USA) and were of the highest grade available commercially.
The industrial wastewater isolate, K. terrigena (Accession number EU082029), previously reported to produce extracellular biopolymeric flocculant was used for harvesting biopolymer as described by Ghosh et al. (a) .
Synthesis and characterization of N,N,N trimethyl biopolymeric derivative (TMB)
Purified biopolymer (150 mg) was dissolved in dimethylsulfate (2.4 ml) and deionized water (0.6 ml). The solution was then filtered to eliminate the impurities. Sodium hydroxide (0.18 mg) and sodium chloride (0.132 mg) were added to the resulting suspension. The solution was stirred at an ambient temperature for 6 h. The product was precipitated using acetone, filtered (0.8 μm-pore size) and vacuum dried.
White precipitates obtained were redissolved in deionized water (20 ml), subjected to dialysis using a dialysis tubing (Cellulose, MWCO 12000) for 1 day, and lyophilized to obtain powder (4.5 mg) (Belalia et al. ) .
NMR analysis
1 H-NMR spectra of biopolymer and TMB were recorded using Bruker Avance II (400 MHz) spectrometer.
Compositional analysis
The total sugars, neutral sugar, uronic acids, amino sugar content and pyruvic acid of the quaternized biopolymer 
MIC determination
Minimal inhibitory concentrations (MICs) were determined by microtiter broth dilution method, performed using a sterile 96 well-microtitre plate reader (Bioscreen C, Thermolabsystems, Helsinki, Finland) (Andrews ;
Raafat et al. ). The indicator strains were grown in the respective broth at 37 W C to an optical density of 1 at 600 nm and subsequently diluted in the same medium to about 10 7 CFU ml
À1
. Briefly, serial two-fold dilutions of TMB solutions were prepared in the appropriate culture medium in microtitre plates. Final TMB concentrations used were 1-100 μg ml À1 . Each well of the microtitre plate then received 100 μl of the inoculated medium, and the plates were incubated at 37 W C for up to 24 h. MIC was defined as the lowest concentration of compound required to completely inhibit microbial growth after incubation. and differential cell count were conducted.
Waterborne pathogens removal assay from water

Cultures of
Histology
Necropsies were performed on all study animals; the liver and kidney were analysed macroscopically. In order to microscopically examine the tissues, the latter were fixed in aqueous Bouin, processed, embedded in paraplast, sectioned to a thickness of 7 μm, and stained with haematoxylin and eosin. Histological analysis of organs was done as described by Gauthier et al. () .
Statistical analysis
Data were presented as mean ± SD of three independent experiments. During the 30-day oral toxicity, treated and control groups were compared by ANOVA with significance p 0.05, using Statistica 11.01, 2012.
RESULTS
Synthesis and characterization of TMB that the peak at 3.6 ppm is assigned to the trimethyl amino group, the peak at 3.1 ppm is assigned to dimethyl amino groups, and the peaks between 4.7 and 5.7 ppm are assigned to 1 H protons. The degree of quaternization (DQ) of TMB was determined potentiometrically as 73%.
Both physical and chemical characteristics of the quaternized biopolymer were compared with its native counterpart.
The total sugar and total protein content of the biopolymer 
Removal assays
The initial count of spiked waterborne pathogens in tap water samples was 6 log CFU ml À1 . Significant reduction (p < 0.5) in numbers of all the pathogens (3-5 log reduction)
were observed in both selective and TAL plates. TMB dose optimization trials carried out indicated that the optimum dosage was in range of 5-10 mg l À1 for achieving the removal of 6-7 log CFU ml À1 of waterborne pathogens spiked in sterile tap water (Table 2) . On the other hand, chlorine used at the same concentration as TMB resulted in 99.99% inactivation of all the pathogens at higher exposure time in comparison to TMB.
Oral toxicity studies
Mortality of animals was not observed over the period of experiment. Body weight gains (Table 3) , rectal temperature profile (results not shown) and feed consumption in all TMB concentrations tested was comparable to control group values. Behavioural changes or changes in body weight of TMB exposed mice were not observed. Gross and microscopic examination revealed no changes attributable to the administration of either native biopolymer or its quaternized derivative (TMB).
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CONCLUSIONS
This study reported for the first time the biocidal activity of a biopolymeric flocculant on waterborne pathogenic bacteria.
The biocidal function of the native bacterial exopolymer was achieved by quaternization. The newly developed biocidal biopolymeric flocculant was found to be safe at a 'no observed adverse effect level' (NOAEL) dose of 140 mg kg À1 day À1 in mice in oral toxicity studies, suggesting a potential application of the quaternized biopolymer for water treatment.
